, a collectin that is an important component of the pulmonary innate immune system. SP-A binds to the virus, targeting the infectious agent for clearance by host defense mechanisms. We have previously shown that while the steady-state level of SP-A mRNA increases approximately threefold after RSV infection, steady-state levels of cellular and secreted SP-A protein decrease 40 -60% in human type II cells in primary culture, suggesting a mechanism where the virus alters components of the innate immune response in infected cells. In these studies, we find that changes in SP-A mRNA and protein levels in RSV-infected NCI-H441 cells (a bronchiolar epithelial cell line) recapitulate the results in SP-A expression observed in primary lung cells. While SP-A protein is normally ubiquitinated, there is no change in the level of SP-A protein ubiquitination or proteasome activity during RSV infection, suggesting that the reduced levels of SP-A protein are not due to degradation by activated proteasomes. SP-A mRNA is appropriately processed and exported from the nucleus to the cytoplasm during RSV infection. As evidenced by polysome analysis of SP-A mRNA and pulse-chase analysis of newly synthesized SP-A protein, we find a decrease in translational efficiency that is specific for SP-A mRNA. Therefore, the decrease in SP-A protein levels observed after RSV infection of pulmonary bronchiolar epithelial cells results from a mechanism that affects SP-A mRNA translation efficiency.
RESPIRATORY SYNCYTIAL VIRUS (RSV) is a negative-sense, singlestranded RNA virus that belongs to the paramyxovirus family of viruses (14, 22) . In humans, RSV infects epithelial cells lining the nose and the lung (22) . Two virally derived glycoproteins important for infection, the G protein and the fusion protein (F), are located within the envelope that surrounds the virus (14, 22) . The G protein is a transmembrane protein that aids in attachment of the virus to host cells (37) . The F protein is an integral membrane protein important for fusion of the viral particle with the host cell surface during infection (64) . The F protein is also implicated in the formation of the characteristic syncytia that occur when the virus leaves one cell to infect adjacent cells (64) .
In humans, RSV is the most important respiratory pathogen of infants and children (23, 52, 63) . RSV can cause lower respiratory tract infection (LRI), resulting in bronchiolitis and pneumonia with up to 2.5% of infected children in the United States requiring hospitalization (13, 17, 44, 45, 52, 63) . During the first year of life, ϳ50% of children become infected with RSV, and by the age of 3, everyone has experienced at least one RSV infection (14, 25) . Of growing concern to the medical establishment are other classes of individuals considered at high risk for LRIs resulting from RSV infections. Due to incomplete immunity to RSV infection at a young age, those who are immune-compromised and the growing elderly population are at increased risk for developing LRI from repeat RSV infections (15, 20) . Recent estimates suggest that, in the United States, ϳ10,000 deaths annually can be attributed to RSV infection in the elderly (61) . In addition to LRI, experimental evidence has implicated a link between viral infections in infants and small children, including RSV, to allergic sensitization and increased susceptibility to superinfections (1, 2, 13, 17, 34, 35, 45, 47, 53) .
During normal breathing, the lung mediates the exchange of oxygen and CO 2 between epithelial cells and capillaries in the lung alveolus. Consequently, pathogenic microorganisms and other irritants gain access to the lung epithelium during inhalation of oxygen. Regulation of fluid balance during gas exchange and neutralization of foreign particles requires the presence of the lipoprotein complex known as surfactant, that is expressed by pulmonary alveolar type II epithelial cells (21) . Four proteins, each with different functions within the lung, constitute the protein portion of surfactant. Surfactant protein B (SP-B) and SP-C are hydrophobic cell surface proteins that serve to reduce the surface tension at the alveolar air-liquid interface and thereby prevent alveolar collapse during normal breathing (10) . SP-A and SP-D are hydrophilic proteins that belong to the collectin family of proteins (24) , which function in the innate host defense of the lung by binding to glycoconjugates and lipids present on many pathogens (12, 26) . Binding of SP-A and SP-D to pathogens enhances phagocytosis and killing of the pathogens by resident macrophages (50, 62, 66) . They also stimulate chemotaxis and generation of reactive oxidants, particularly in macrophages (50, 66) . The importance of SP-A and SP-D in the innate immune response is further demonstrated by increased susceptibility to infection by viral and bacterial pathogens in transgenic mice with targeted disruption of these two genes (11, 36) .
Human alveolar type II cells grown in primary culture express all four surfactant proteins (3) . Previous studies have shown that infection of human alveolar type II cells in primary culture with RSV alters the expression of SP-A mRNA and SP-A protein (4); expression of SP-A mRNA increases approximately threefold. However, the level of cellular and secreted SP-A protein decreases (4) . In human infants with severe RSV infections, bronchoalveolar lavage fluid was shown to have reduced levels of SP-A protein (33) . These data suggest that viral infections can alter the innate protective ability of the lung. To begin an investigation of the mechanism by which SP-A protein homeostasis is altered during RSV infection, we infected the human NCI-H441 cells, a human bronchiolar epithelial cell line that expresses SP-A (6, 18), with RSV. Similar to observations in primary human alveolar type II cells, NCI-H441 cells show an increase in SP-A mRNA during RSV infection, but a decrease in the cellular and secreted SP-A protein. We undertook a systematic approach to examine SP-A mRNA processing and SP-A protein biosynthesis following RSV infection. While SP-A mRNA processing is unaffected by RSV infection, de novo SP-A protein levels are inhibited by a process involving reduced efficiency of SP-A mRNA translation.
MATERIALS AND METHODS
Cell culture. The lung adenocarcinoma cell line NCI-H441 (18, 49) and HEp-2 (8, 43) were obtained from American Type Culture Collection (ATCC; HTB-174 and CCL-23, respectively). NCI-H441 cells produce SP-A protein, contain cytoplasmic structures that resemble those found in Clara cell granules, and have been used as a model system to study surfactant protein. Cells were maintained in RPMI-1640 media or MEM (MediaTech, Manassas, VA) containing 10% (vol/vol) fetal bovine serum (Atlas Biologicals, Fort Collins, CO) and 1% (vol/vol) penicillin/streptomycin (Invitrogen, Carlsbad, CA). All cell culture incubations were performed in a humidified incubator at 37°C with 5% CO 2.
RSV infection and propagation. The human RSV strain A2 (#VR-1540; ATCC, Manassas, VA) was used in all experiments. RSV was propagated in HEp-2 cells, and the RSV virions were sucrose purified as previously described (32) . Titers for the purified RSV virions were determined by serial dilution and plaque assays using HEp-2 cells. The infectivity of NCI-H441 cells by RSV was also determined by immunostaining with an antibody to the fusion protein of RSV (Fitzgerald, Concord, MA). Regardless of the amount of RSV used, ϳ30% of NCI-H441 cells showed positive staining. For infection experiments, the virus stock of RSV was diluted in serum-free culture medium to a multiplicity of infection (MOI) ϭ 1.0, which is defined as the number of plaque-forming units (pfu) per number of HEp-2 cells. Before infection, NCI-H441 cells were plated at ϳ80% confluency and allowed to grow overnight. Cells were exposed to RSV for 2 h, washed, and incubated for 24 h in serum-free RPMI medium. After incubation, cells and serum-free media were harvested for either RNA or protein and stored at Ϫ80°C until assayed. Control samples were prepared from uninfected NCI-H441 cultures that were processed in the same manner.
Isolation of cellular RNA. Cytoplasmic and nuclear RNA was prepared by the guanidinium isothiocyanate procedure (7, 38) . Briefly, cytoplasmic RNA was isolated by lysing cells in Nonidet P-40 lysis buffer (0.6% NP-40, 0.15 M NaCl, 10 mM Tris, pH 8.0, 0.1 mM EDTA). The lysed cells were centrifuged, the supernatant was layered over a 5.7 M CsCl gradient, and the CsCl gradient was subjected to ultracentrifugation at 42,000 rpm overnight. Following centrifugation, the pellet was resuspended in 1 mM sodium citrate, extracted two times with chloroform:butanol (4:1), and stored in ethanol. To prepare nuclear RNA, the pellet from the cytoplasmic RNA lysis was washed in DOC wash solution (0.5% deoxycholate, 0.6% NP-40, 0.15 M NaCl, 10 mM Tris, pH 8.0, 0.1 mM EDTA) followed by lysis of the pellet in guanidinium isothiocyanate buffer. Nuclear RNA was purified by ultracentrifugation and extraction as for the cytoplasmic fraction. Nuclear and cytoplasmic RNA was stored at Ϫ80°C until assayed.
Isolation of cellular proteins. Proteins were isolated from cells as described previously (2) . For total cellular protein, the cells were scraped into ice-cold lysis buffer [10 mM Tris, pH 7.6, 3 mM MgCl 2, 40 mM KCl, 2 mM DTT, 5% glycerol, and 0.5% NP-40 containing a protease inhibitor cocktail tablet (11-836-170001 ; Roche Applied Science, Indianapolis, IN) per 10 ml]. After a freeze-thaw cycle, the cells were centrifuged at 600 g for 10 min to remove cellular debris, and the supernatant containing the cytosolic proteins was aliquoted. The protein concentration was determined using the BCA Protein Assay kit (#23235; Pierce Biotechnology, Rockford, IL) per instructions, and the protein aliquots were stored at Ϫ80°C. To prepare secreted protein, the serum-free RPMI media was harvested from the cells and centrifuged at 600 g for 10 min to remove cellular debris, and the supernatant containing the secreted proteins was aliquoted and stored at Ϫ80°C.
Immunoblot analysis of proteins. Prepared culture medium (20 l) and cellular protein (20 g) was solubilized in an equal volume loading buffer (0.1 M Tris, pH 7.4, 50 M DTT, 0.01% bromphenol blue, 2% SDS, and 10% glycerol) and boiled for 5 min. Proteins were resolved on denaturing 4 -20% Tris-glycine polyacrylamide gels (#EC6025, Invitrogen). After protein resolution, gels were transferred to Trans-blot nitrocellulose paper (#162-0112; BioRad Laboratories, Hercules, CA) and incubated with rabbit anti-human SP-A antibody (#sc-13977 1:300 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) followed by peroxidase-conjugated goat anti-rabbit IgG (#A6154 1:16,000 dilution; Sigma Chemical, St. Louis, MO). The immune complexes were detected with the ECL Plus Western Blotting Detection System (#RPN2135; Amersham Biosciences, Piscataway, NJ) and quantified on a Storm 840 Phosphorimager (GE Healthcare, Piscataway, NJ). ␤-actin was detected similarly using mouse antixenopus antibody (#ab6276 1:5,000 dilution; Abcam, Cambridge, MA) followed by peroxidase-conjugated rabbit anti-mouse IgG (#ab6728 1:160,000 dilution, Abcam).
Northern analysis. Cesium chloride-purified nuclear and cytoplasmic RNA was electrophoresed, transferred to nitrocellulose, and probed using a 32 P-labeled rabbit SP-A cDNA, rabbit cyclophilin cDNA, or U6 snRNA cDNA. The radioactive signal was quantified on a Storm 840 Phosphorimager (GE Healthcare).
Polysome preparations. Control and RSV-infected cells were harvested 24 h after infection by trypsin digestion and washed two times with cold PBS. The cells were then lysed for 5 min on ice in 1 ml of special NP-40 lysis buffer (50 mM Tris ⅐ HCl, pH 8.0, 100 mM NaCl, 5 mM MgCl2, 0.5% NP-40, 200 units of RNAsin). The lysed cells were spun at 3,000 g for 2 min at 4°C, and the lysate was transferred to new tubes containing 13.3 l 50 mg/ml heparin, 15 l 10 mg/ml cyclohexamide, 20 l 1 M DTT, and 10 l 0.1 M PMSF. The lysates were spun at 11,000 rpm for 5 min, and the supernatant was loaded on top of a 15-40% sucrose gradient. The polysomes were separated by ultracentrifugation for 2 h at 38,000 rpm and 4°C followed by slow deceleration. Immediately following ultracentrifugation, 0.5-ml aliquots were harvested from the top of the gradient, in a cold room. To each aliquot, 5 l of 10 mg/ml proteinase K and 15 l of 20% SDS was added, and the aliquots incubated for 15 min at 37°C. Each aliquot was extracted once with phenol:chloroform, once with chloroform:isoamyl alcohol, and stored in ethanol at Ϫ80°C.
Pulse-chase labeling of cellular proteins. At 18 h post-RSV infection, NCI-H441 cells were placed in methionine and cysteine-free RPMI media (R7513, Sigma Chemical) for 2 h to starve the cells. Next, the cells were pulsed for 2 h with 35 S methionine and cysteine (NEG772002MC; Perkin-Elmer, Waltham, MA) followed by a chase with serum-free media. The cells were then harvested for protein at 2, 4, and 6 h.
Immunoprecipitation of proteins. Equal amounts of the harvested proteins were immunoprecipitated with protein A-sepharose (PA50-00-0002; Rockland Immunochemicals, Gilbertsville, PA) bound antibody against SP-A protein, and the immunoprecipitated proteins were resolved on 4 -20% Tris-glycine polyacrylamide gels (EC6025; Invitrogen, Carlsbad, CA). The gels containing radiolabeled protein were dried, and the immunoprecipitated proteins were visualized by autoradiography. The gels containing unlabeled protein were trans-ferred to Trans-blot nitrocellulose paper (162-0112; BioRad Laboratories, Hercules, CA) and incubated with rabbit anti-human ubiquitin antibody (A-100 1:1,000 dilution; Boston Biochem, Cambridge, MA) followed by peroxidase-conjugated goat anti-rabbit IgG (A6154, 1:16,000 dilution, Sigma).
Determination of proteasome activity. Activity of the 20S proteasome was determined using the 20S Proteasome Assay Kit (K-900, Boston Biochem). Briefly, varying concentrations of cellular protein from NCI-H441 cells treated in the absence or presence of RSV were incubated with the fluorogenic substrate Suc-Leu-Leu-Val-Try-aminomethylcoumarin (AMC) at 37°C (A9891, Sigma). The hydrolytic release of free AMC by the cellular 20S proteasome was measured over time using a Fluoroskan Ascent fluorimeter (Ex 380 nm; Em460 nm) (Thermo Scientific). To quantitate 20S proteasome activity, a standard curve was generated using AMC and purified 20S proteasome.
Interferon-␥ treatment. NCI-H441 cells were plated at ϳ80% confluency and allowed to grow overnight. Each plate was washed three times with Hanks' buffered salt solution. RPMI media without serum and antibiotic was added to each plate. Interferon-␥ (285-1F; R&D Systems, Minneapolis, MN) was added to the treated plates at a concentration of 30 ng/ml. After 24-h incubation, cellular lysates and media were harvested.
Statistical analysis. Statistical analysis of infected samples compared with uninfected samples was performed by t-test or paired t-test after normalization.
RESULTS

RSV infection alters mRNA steady-state levels.
We have previously shown that RSV infection of human type II epithelial cells in primary culture from isolated fetal lung explants increases the SP-A mRNA steady-state levels approximately threefold (4). While isolated human type II epithelial cells from fetal lung explants are necessary for many studies, the isolation of primary type II cells is technically challenging. Therefore, a lung adenocarcinoma cell line, NCI-H441, which expresses both SP-A genes endogenously [specifically, the 6A 4 isoform of SP-A1 and the 1A 5 isoform of SP-A2 (27) ], was used as a convenient in vitro system to study the effect that RSV infection exerts on the SP-A mRNA level and the SP-A protein level. NCI-H441 cells were exposed to RSV at a MOI of 1 for 2 h, and the cells harvested 24 h later. Cytoplasmic mRNA fractions were isolated, and the SP-A mRNA levels were determined by Northern blot analysis using a probe directed against the SP-A coding sequence. To control for mRNA loading, the level of the endogenous cyclophilin A mRNA was determined by Northern blot analysis. The results of a representative blot are shown in Fig. 1A . Shown in Fig. 1B is a graph that represents the normalized SP-A mRNA levels in uninfected and RSV-infected NCI-H441 cells. Similar to what was previously reported with isolated human type II epithelial cells from fetal lung explants, at 24 h post-RSV infection, the steady-state level of SP-A mRNA from infected NCI-H441 cells increases approximately threefold compared with SP-A mRNA steady-state levels from uninfected NCI-H441 cells. These results indicate that NCI-H441 cells can be infected by RSV, which alters the steady-state level of SP-A mRNA in a similar way to that observed with isolated human type II epithelial cells.
SP-A mRNA is appropriately processed and transported from the nucleus. To determine whether SP-A mRNA transcribed during RSV infection is appropriately spliced and polyadenylated, Northern blot analysis was performed to characterize the size of the SP-A mRNA. From the results shown in Fig. 1A , only one species of SP-A mRNA from both uninfected and RSV-infected NCI-H441 cells is observed, suggesting that SP-A mRNA is appropriately spliced and polyadenylated, and is therefore capable of being translated. Although the SP-A mRNA is appropriately processed during RSV infection, ex- Fig. 1 . Steady-state SP-A mRNA levels in NCI-H441 cells increase in the presence of respiratory syncytial virus (RSV) infection, but SP-A mRNA processing or nuclear export is not altered. NCI-H441 cells were treated in the absence (Ϫ) or presence (ϩ) of RSV (MOI ϭ 1) for 2 h. At 24 h post-RSV infection, the nuclear and cytoplasmic fractions of the cells were isolated, after which RNA was harvested from the fractions and equal amounts were subjected to Northern analysis. A: representative autoradiographs showing steady-state levels of SP-A mRNA, cyclophilin A mRNA, and nucleus-specific U6 snRNA. Shown are individual lanes from a single gel. B: graphical representation of steady-state levels of cytoplasmic SP-A mRNA (relative to cyclophilin A mRNA levels) with levels from uninfected cells normalized as 1. Experiments were performed in triplicate (n ϭ 6). *Significance by t-test (P Ͻ 0.01). port of the SP-A mRNA from the nucleus to the cytoplasm may be inhibited. Nuclear RNA from both uninfected and RSVinfected NCI-H441 cells were prepared and subjected to Northern analysis to determine whether the SP-A mRNA is sequestered within the nucleus. As seen in Fig. 1A , very little SP-A mRNA was observed within the nuclear fraction of NCI-H441 cells in the absence or presence of RSV infection. Similarly, the cyclophilin housekeeping gene used as a control was not observed within the nuclear fraction. To control for the possibility that the lack of SP-A mRNA in the nuclear fraction was a result of nuclear RNA degradation, the blot was stripped and probed for the nucleus-specific U6 snRNA. As shown in Fig.  1A , the U6 snRNA was robustly expressed within the nuclear fraction, suggesting a lack of RSV-induced nonspecific RNA degradation in the nucleus. These results indicate that RSV has no effect on processing, maturation, or transport of SP-A mRNA to the cytoplasm.
RSV infection decreases steady-state SP-A protein levels. Using isolated human type II epithelial cells from fetal lung explants, we have previously shown that RSV infection increased the SP-A mRNA levels, whereas the SP-A protein levels decreased. The decrease in SP-A protein levels was observed in the cellular lysates and in the media from RSVinfected human type II epithelial cells. To further confirm whether NCI-H441 cells could be used as an in vitro model system, the steady-state level of SP-A protein from NCI-H441 cells incubated in the absence and presence of RSV was determined. NCI-H441 cells were infected for 2 h with RSV (MOI ϭ 1), and the media and cell lysates were harvested for protein at 24 h. Figure 2A shows a typical immunoblot probed with an antibody specific for SP-A protein. To control for equal protein loading, the blots were subsequently stripped and incubated with an antibody against ␤-actin. At 24 h post-RSV infection, the levels of SP-A protein within the NCI-H441 cells were decreased ϳ40% compared with uninfected NCI-H441 cells (Fig. 2, A and B) . Because SP-A is a secreted protein, the steady-state level of SP-A protein residing in the media was determined. At 24 h postinfection, SP-A protein steady-state levels were ϳ60% less in the media from RSV-infected NCI-H441 cells compared with the media from uninfected NCI-H441 cells (Fig. 2B) . Since the NCI-H441 cell line recapitulates the effect of RSV infection on isolated human type II epithelial cells with regards to SP-A mRNA and protein levels, this cell line was used to address the effect of RSV infection on SP-A protein biosynthesis.
SP-A protein synthesis rate is not saturated in NCI-H441 cells. The lack of increased SP-A protein synthesis in the presence of an increase in the steady-state level of SP-A mRNA may result from a saturation in the SP-A protein synthesis rate. Previously published results using the same NCI-H441 cells have shown that the herbal medicine Baicalin can increase the SP-A mRNA and protein level ϳ1.7-fold (9). In a separate report, the level of the SP-A mRNA was shown to increase approximately twofold when NCI-H441 cells were treated with IFN-␥ (57). However, in this case, the SP-A protein level was not reported. We therefore treated NCI-H441 cells with IFN-␥ and measured the level of the SP-A protein in the lysate and in the media. As shown in Fig. 3, IFN -␥ is able to increase the intracellular and secreted SP-A protein greater than twofold. These results would suggest that SP-A protein synthesis is not limiting in the NCI-H441 cell line and that the decrease in SP-A protein synthesis observed during RSV infection is specific to the infection.
SP-A mRNA is located in lighter polysome fractions during RSV infection. Having observed that the SP-A mRNA is appropriately processed and exported to the cytoplasm during RSV infection, the possibility that RSV infection inhibits translation of the SP-A mRNA was determined. The amount of ribosome loading, or the polysome profile, onto the SP-A mRNA in the absence and presence of RSV infection was assessed. Total cellular mRNA from uninfected and RSVinfected NCI-H441 cells was harvested and passed over a sucrose gradient by ultrahigh centrifugation, and aliquots of mRNA were collected from the top of the gradient. Species of mRNA that contain fewer translating ribosomes would be observed in the lower-numbered fractions, and species of mRNA contain higher numbers of translating ribosomes would be observed in the higher-numbered fractions. A portion of the mRNA from each aliquot was subject to Northern blot analysis and indicates that the SP-A mRNA from RSV-infected NCI-H441 cells is consistently observed in lighter polysome fractions, with a shift of approximately two fractions (Fig. 4, A and B) . Since host cell proteins are often sequestered by the virus for viral replication and gene expression, the shift in ribosome loading seen with the SP-A mRNA during RSV infection may be a global effect that would be observed with other host cell mRNAs. To address whether RSV infection results in a global inhibition of mRNA translation, the polysome profile of the cyclophilin A mRNA was also determined. A representative example of the cyclophilin A mRNA polysome profile is shown in Fig. 4 , C and D. In contrast to what was observed with the SP-A mRNA, RSV infection does not lead to a shift in ribosome loading of the cyclophilin A mRNA and suggests that the decrease in ribosome loading during RSV infection is specific to a subset of host mRNAs.
RSV infection does not alter the amount of newly synthesized SP-A protein.
The small but reproducible shift of the SP-A mRNA to lighter polysome fractions during RSV infection would be predicted to result in a decrease in the amount of newly synthesized SP-A protein. To determine the rate of SP-A protein synthesis in the absence and presence of RSV, a pulse-chase analysis followed by immunoprecipitation, as described in MATERIALS AND METHODS, was performed. Cellular SP-A protein can be easily observed at 2 h post-chase with decreasing levels of newly synthesized SP-A proteins at later time points (Fig. 5) . Visually and by quantitation of the radioactive protein bands, no measurable change in the amount of newly synthesized SP-A protein in the absence or presence of RSV infection was observed. Simultaneously, the amount of newly synthesized protein that was exported to the media was analyzed and quantitated as for the protein lysates. Newly synthesized SP-A protein was not observed in the media until 4 h post-chase with an increase in the amount of newly synthesized SP-A protein secreted into the media at longer time points (Fig. 5) . Similar to the results obtained with the cellular lysates, there was no measurable change in the amount of newly synthesized SP-A protein secreted into the media in the absence or presence of RSV infection. Surprisingly, no change in de novo SP-A protein synthesis was observed during RSV infection; however, the fact that RSV infection leads to a threefold increase in SP-A mRNA levels and a decrease in polysome loading suggests that SP-A mRNA translation is affected.
SP-A protein is ubiquitinated, suggesting that it is a target for the proteasome. Since RSV infection leads to a decrease in the steady-state level of SP-A protein and no measurable increase in de novo SP-A protein synthesis despite a threefold increase in SP-A mRNA, the SP-A protein may be an RSVinduced target for degradation. The principal mechanism for protein degradation within the cell is the ubiquitin proteasome pathway. The proteasome is a multimeric enzyme that selectively degrades proteins that contain polyubiquitin chains (46) . To determine whether the SP-A protein could be a target for catabolism by the proteasome, cellular lysates and media harvested from NCI-H441 cells incubated in the absence or presence of RSV were immunoprecipitated with an antibody against SP-A. The immunoprecipitated proteins were separated on a denaturing gel and immunoblotted with an antibody against ubiquitin. As shown in Fig. 6 , a portion of the SP-A protein is ubiquitinated. Although both cellular and secreted SP-A protein is ubiquitinated, in neither case does RSV infection result in a measurable increase in the amount of ubiquitinated SP-A protein.
RSV infection does not increase proteasome activity within the cell. While RSV infection does not alter the amount of SP-A protein that is ubiquitinated, RSV infection may increase the amount or the activity of the proteasome within the cell, leading to a decrease in the steady-state levels of SP-A protein.
The proteolytic activity of the endogenous proteosome from NCI-H441 cells on the fluorogenic substrate Suc-LLVY-AMC (7-amino-4-methylcoumarin) was determined. The proteosome is able to cleave the tyrosine residue releasing the AMC fluorophore, and the amount of fluorescent units released over time is measured on a fluorometer. Equal amounts of protein from NCI-H441 cells incubated in the absence or presence of RSV was incubated for 60 min at 37°C with the fluorogenic substrate. In repeat experiments, the amount of fluorescent units released by the proteasome was unchanged in the absence or presence of RSV infection (Fig. 7A) . Measuring proteasome activity at a single time point might represent complete proteolysis of the substrate (end point), although the rate of proteolysis by the proteasome from uninfected and RSV-infected NCI-H441 cells may be different. Therefore, the kinetic activity of the proteosome in the lysates from NCI-H441 cells incubated in the absence and presence of RSV was determined. The increase in fluorescent units was measured at 30-min intervals over a 120-min time period (Fig. 7B) . When measured over time, RSV infection does not increase the activity of the cellular proteasome and may cause a slight decrease in proteasome activity. Thus, SP-A protein is subject to ubiquitination and proteolysis by the proteasome; however, the RSV-induced decrease in steady-state SP-A protein levels is likely to result from degradation of the SP-A protein by a nonproteasomedependent pathway.
DISCUSSION
When viruses invade mammalian cells, there is a race between the virus and the mammalian immune system. The virus must work quickly to replicate before the host's immune system can either shut down viral replication or destroy the virally infected cells. The innate immune response, which is thought to be an ancient defense mechanism, is our nonspecific first line of defense against invading pathogens and functions to recruit immune cells to the site of inflammation, to activate the complement cascade, and to activate the more specific adaptive immune response. SP-A protein, a member of the collectin family of proteins involved in the innate immune response, is an important player in both normal breathing and the prevention of disease by invading pathogens. Consistent with its function in the innate immune response, SP-A protein can target some gram-positive and gram-negative bacteria for clearance by phagocytic cells through opsonization of the pathogen via the SP-A carbohydrate recognition domain (CRD). In addition, SP-A can bind to alveolar macrophages with high affinity and promote chemotaxis and phagocytosis of microbial species (41, 42) . Importantly, SP-A has been shown to bind through its CRD to the glycoprotein of RSV thereby inhibiting entry of the virus into lung epithelial cells (19) .
Although SP-A and other surfactant proteins aid in normal respiration, respiratory infections due to colonization of the lung epithelium by pathogenic organisms still occur. In children, RSV is the most common cause of viral lower respiratory tract infections, and, in the U.S., results in the hospitalization of more than 120,000 young children yearly (59, 63) . The mortality rate of those hospitalized with RSV infection is ϳ2% (60) . While essentially all children are infected with RSV by 2 years of age, less than 2% of children infected with RSV require hospitalization (59) . Since 98% of children are able to clear RSV infections on their own, a decreased or defective innate immune response in some children could explain the more severe RSV infections.
Because of the importance SP-A plays in the innate immune defense of the lung, pathogens may attempt to evade the innate immune response by altering SP-A homeostasis. Indeed, evidence by Alcorn et al. (4) has shown that the level of the SP-A mRNA increases approximately threefold during RSV infection of isolated human type II epithelial cells. However, the level of secreted and cellular SP-A protein decreases during RSV infection (4) . These data would suggest that, in some cases, RSV can alter or inhibit SP-A homeostasis.
We have systematically investigated the effect of RSV infection on each step of RNA processing and protein translation. In this study, we chose to use the NCI-H441 lung epithelial cell line rather than isolated primary human type II epithelial cells, which are more expensive and more difficult to maintain in culture. Using the NCI-H441 cell line, we were able to recapitulate the increase in SP-A mRNA and corresponding decrease in SP-A protein that was previously reported using pulmonary alveolar epithelial type II cells in primary culture. We first investigated whether RSV infection could alter processing of the SP-A pre-mRNA, as some viral proteins have been shown to alter processing of host premRNA. For example, the non-structural protein (NS-1) of influenza virus can inhibit the splicing of host pre-mRNA by binding to a region within the spliceosomal U6 snRNA (16, 55) . This same viral protein also inhibits the export of poly(A)- containing host mRNA from the nucleus by binding to the poly(A) tail (5, 16, 54) . The blockage of host mRNA export could increase the availability of ribosomes for translation of viral mRNA while simultaneously inhibiting protein expression of host mRNAs. Consequently, the virus could downregulate proteins involved in the immune response to provide a more favorable environment for viral replication. However, in the case of RSV infection, we found that neither splicing nor polyadenylation of the SP-A pre-mRNA is inhibited. Furthermore, export of the SP-A mRNA from the nucleus to the cytoplasm is not altered by RSV infection, and the SP-A mRNA appears to be suitable for translation.
Viruses not only alter host mRNA processing, but in some cases, virally encoded proteins can interfere with translation. Indeed, the capsid protein of rubella virus has been shown to bind to the host cell poly(A)-binding protein (PABP) (29) . PABP interacts with other translation initiation factors forming a complex that promotes circularization of mRNAs (3, 30, 31) . The rubella capsid protein binds to a region of PABP known to interact with translational regulators (29) blocking circularization of the mRNA. By sequestering PABP, translation of cellular mRNAs could be inhibited, resulting in decreased protein production. Therefore, we investigated whether RSV infection could inhibit translation of the SP-A mRNA and thus account for the decrease in SP-A protein that we observed. By polysome analysis, we observed a slight but reproducible shift to lighter polysome fractions of the SP-A mRNA in the presence of RSV. Additionally, pulse/chase analysis indicates that newly synthesized SP-A protein is similar in the absence or presence of RSV infection despite the approximate threefold increase in SP-A mRNA. Our treatment of NCI-H441 cells with IFN-␥ resulted in an increase in SP-A protein. These results along with the previously reported ability of IFN-␥ to increase SP-A mRNA indicates that these cells are not endogenously saturated in their ability to produce SP-A protein. The presence of increased mRNA but no measurable increase in de novo SP-A protein synthesis suggests that RSV infection may alter the cell's ability to maximally translate the SP-A mRNA. An alternative explanation for the similar de novo SP-A protein synthesis in the absence or presence of RSV is that a SP-A protein-specific protease is induced during RSV infection. In this scenario, RSV infection induces a protease that degrades a portion of the newly synthesized SP-A protein.
Here we show that RSV may attempt to evade the immune response by altering expression levels of the innate immune protein SP-A. We provide evidence that after infection with RSV, although there is a threefold increase in SP-A mRNA, there is no increase in the amount of de novo SP-A protein and that ribosome loading onto the SP-A mRNA is not as efficient. One explanation for these results is that microRNAs, induced after RSV infection, may bind to the SP-A mRNA and inhibit SP-A mRNA translation. Indeed, in Caenorhabditis elegans miRNA directed against the lin-14 and lin-28 mRNA have been shown to repress protein production after translation initiation (51, 58) . Additionally, in mammalian cells, the cMyc transcription factor was shown to upregulate the transcription of E2F1 mRNA and the expression of two miRNAs directed against the E2F1 mRNA (48). In parallel with the results we observe after RSV infection where SP-A mRNA is increased but there is no increase in SP-A protein synthesis, the c-Myc protein can both activate transcription and limit translation of the E2F1 mRNA. Although we propose that RSV infection may limit translation of the SP-A mRNA, there are likely to be additional RSV-induced avenues to control SP-A protein production. It is interesting that equal amounts of SP-A protein are produced in the absence or presence of RSV infection, yet the steady-state levels of cellular and secreted SP-A protein are decreased. This decrease in protein level is not likely regulated by the endogenous ubiquitin-proteasome pathway but upon a specific RSV-induced protease located within cellular lysate or secreted into the media. We have addressed the possibility of an RSV-induced secreted protease by incubating media from RSV-infected cells with the media from uninfected cells. Even after 24-h incubation, we observed no additional degradation of the SP-A protein from uninfected media. It is therefore unlikely that a secreted protease is responsible for the decrease in SP-A protein observed during RSV infection. However, we cannot rule out the possibility that a cellular SP-A-specific protease is responsible for a decrease in SP-A protein steady-state levels.
Using the RegRNA program (28), we probed both human SP-A genes for putative translational regulatory elements within the 3ЈUTR. Numerous miRNA binding sites were identified. In addition, both SP-A mRNAs contain several gammainterferon-activated inhibitor of ceruloplasmin mRNA translation (GAIT) elements. GAIT elements form specific secondary structures and are bound by a trans-acting factor. IFN-␥ induces expression of ceruloplasmin mRNA and protein, which contains ferroxidase activity, in activated macrophages/ monocytes. However, this induced expression is dramatically inhibited ϳ16 h after induction, presumably as a means to control the immune response (39, 40, 56) . It is possible that the putative GAIT elements within the 3ЈUTR of the SP-A mRNAs may also serve to regulate expression of the SP-A protein during the immune response. Although we observed no increase in IFN-␥ production during RSV infection (unpublished results), other cytokines or signal transduction pathways may activate expression of trans-acting factors that would bind to the SP-A mRNA and modulate translation. In addition, sequences within the 5ЈUTR may also regulate SP-A mRNA translation during RSV infection. The 5ЈUTR of the SP-A mRNA has been shown to undergo alternative splicing of untranslated exons. Furthermore, the 5ЈUTR splicing pattern observed with the SP-A2 gene resulted in a higher translational efficiency (65) . It is therefore possible that RSV infection changes the splicing pattern within the SP-A 5ЈUTR to a less efficient pattern resulting in a decrease in SP-A protein. Future experiments will be directed towards understanding whether elements within the SP-A mRNA 5ЈUTR, 3ЈUTR, and/or coding region may alter translation during RSV infection and towards the identification of putative SP-A protein-specific proteases.
NOTE ADDED IN PROOF
The presentation of Figs. 1, 2, and 3 has been modified from the original version posted in Articles in Press. In Fig. 1A , individual lanes from a single gel have been separated into individual panels to indicate derivation from multiple images. In Figs. 2A and 3 , individual lysates and media from separate gels have been separated into individual panels to indicate derivation from multiple images. The results and conclusions of this study stand. These revised figures appear here in the final published version of the manuscript.
